Fusarium head blight (FHB) is a harmful fungal disease that occurs in small grains. Non-destructive detection of this disease is traditionally done using spectroscopy or image processing. In this paper the combination of these two in the form of spectral imaging is evaluated. Transmission spectral images are recorded, both in the visible and near-infrared range from FHB infected wheat kernels. These images are analyzed, using light absorption, the relation between two wavelength bands, unsupervised fuzzy c-means clustering and supervised partial least squares regression. The reference method for training and validation is TaqMan real-time PCR. Results show that nearinfrared spectral images perform much better than spectral images in the visible range. Kernels with more than 6000 pg Fusarium DNA could clearly be identified. Above 100 pg it was possible to predict the amount of Fusarium with a Q 2 of 0.8. This was both for Partial Least Squares regression (PLS) and a simple wavelength ratio. Also fuzzy c-means clustering shows a relation between amount of Fusarium and spectra.
Introduction
Fusarium head blight (FHB), also known as scab, is a fungal disease that occurs in small grains. It is a harmful disease with huge economic impact in wheat throughout the world (Windels, 2000) . The predominant Fusarium species associated with FHB in small-grain cereals in Europe are F. graminearum, F. culmorum, F. avenaceum and F. poae (Bottalico and Perrone, 2002) . The major concern regarding FHB is that it may produce the mycotoxin deoxynivalenol (DON) also known as vomitoxin, to exemplify its toxicity to humans and animals.
Several methods exist to detect FHB-damaged kernels. Chemical tests such as liquid chromatography (Rice et al., 1995; Sydenham et al., 1996) ; gas chromatography-mass spectroscopy (Pestka et al., 1994) ; thin-layer chromatography (Schaafsma et al., 1998) ; and high pressure liquid chromatography HPLC (Pestka et al., 1994) are developed to detect FHB-damaged kernels, or DON levels. Recently a TaqMan real-time polymerase chain reaction (PCR) (Heid et al., 1996) method was developed to quantify different Fusarium species (Waalwijk et al., 2004) . All these chemical and molecular methods are time consuming, expensive and laborious. Therefore, studies to establish a method that is simple, rapid and inexpensive are continuously under development.
Reflectance or transmittance spectroscopy, either in the visible (VIS) or the nearinfrared (NIR) range has been used to measure several single kernel characteristics. Dowell (1998) used NIR reflectance to classify red and white wheats. Measuring protein content of single wheat kernels is described by Delwiche and Hruschka (2000) . Dowell et al. (1998) used NIR reflectance to measure internal insect infestation of wheat kernels. Dowell et al. (1999) predicted scab (FHB), vomitoxin and ergosterol in single wheat kernels using NIR spectroscopy. Pettersson and Åberg (2003) described the application of NIR spectroscopy for measuring mycotoxins in cereals.
Image analysis is another method for fast nondestructive characterization of single kernels. Several machine vision applications use color and geometric features for cultivar identification (Keefe and Draper, 1986; Chtioui et al., 1996; Zayas et al., 1986; Neuman et al., 1989) . Ng et al. (1998) described measurements of mechanical or mold damage using image analysis. Nielsen et al. (2003) investigated a combination of image analysis, NIR transmission spectroscopy and several other techniques to predict kernel protein, vitreousness, density and hardness. Ruan et al. (1998) used machine vision in combination with a neural network to estimate FHB.
Recently spectral imaging sensors have become available. These sensors combine image analysis with spectroscopic techniques. Delwiche and Kim (2000) described the application of hyperspectral imaging to detect FHB in wheat. The sensor in this application possesses a wavelength range of 425 to 860 nm. Based on reflection measurements of normal and FHBdamaged kernels of three different varieties, wavelength bands were selected to separate normal and damaged kernels.
The objective of the research described in this paper is to evaluate spectral imaging methods to predict FHB in single wheat kernels. Transmission images were acquired in both the VIS and NIR range (430 to 1750 nm). These images were analyzed using unsupervised and supervised methods. The reference data for the supervised method used in this experiment was the amount of F. culmorum DNA, determined with TaqMan real-time PCR analysis, as described by Waalwijk et al. (2004) . These data were also used for validation.
Material and methods

Material
From wheat samples, artificially contaminated with Fusarium culmorum, 96 kernels were selected. The contamination level was investigated visually and over the whole range (heavily damaged -healthy looking) kernels were sampled. From each kernel two spectral images were recorded, one between 430 and 900 nm and the other between 900 and 1750 nm. Independently the amount of F. culmorum DNA was measured for each individual seed using TaqMan real-time PCR analysis.
Spectral Imaging
A grey-value image typically reflects the light intensity at every pixel over a part of the electro magnetic spectrum in a single band and a color image reflects the intensity over the red, green and blue part of the spectrum in three bands. In a spectral image the intensity at every pixel is given in a large number of bands (100 or more). Each band is an image, reflecting the intensity at a small part of the spectrum and at every pixel the intensity distribution over the associated spectrum can be studied. The spectral images in this experiment were obtained using ImSpector (Spectral Imaging Ltd, Oulu, Finland) spectrographs (Herrala and Mauri, 1993; Herrala and Okkonen, 1996; Hyvärinen et al., 1998) in combination with a stepper table. At each step the spectrum is recorded for one line of the object. By translating the object with respect to the camera, a full spectral image (x, y, λ) can be obtained.
Recording system
The system studied in this experiment uses two different spectrographs and camera's:
• ImSpector type v9 which covers the spectrum from 430-900 nm at a resolution of about 5 nm (this includes the visual part of the spectrum, which ranges from 400 to 700 nm) in combination with a scientific camera (Q-Imaging PMI-1400 EC Peltier cooled).
• ImSpector type n17 which covers the spectrum from 900-1750 nm (near-infrared), at a spectral resolution of about 13 nm, in combination with an infrared camera (Sensors Unlimited SU128 InGaAs).
The observed spectrum of a sample also depends on the spectral power distribution of the light source. For the V9 system a Schott cold-light illumination source with a 150W tungsten halogen lamp was used. In the infrared, the glass fibre of the schott illumination absorbs too much light, Therefore a single 35 W tungsten halogen lamp was used. The spectral power distribution of tungsten halogen lamps is smooth over the whole spectral range used in this experiment. The camera spectrograph combination acts as a linescan camera, where the twodimensional image contains spatial information in one dimension and spectral information in the other. By scanning the object using a linear translation stage the second spatial dimension was incorporated, resulting in a three dimensional data-cube. A detailed description of the system can be found in (Polder et al., 2003) .
The Fusarium is expected to be located in the interior of the kernel as well as on the surface. Therefore, we have chosen to record transmission spectral images instead of reflection images which are more common. Unfortunately making images with background illumination will saturate the sensor at places where there is no object. To overcome this problem two techniques were used: • In the visible light spectral range (ImSpector type v9) two polarization filters were used.
The first one between the light source and the wheat kernel, the second one perpendicular to the first one between the kernel and the lens of the spectral imager. Direct light polarized with the first filter will be blocked by the second one. Light which is scattered by the wheat kernel is depolarized and will not be blocked by the second filter, giving a transmission image of the wheat kernel on the image sensor. • In the NIR range (ImSpector type n17) no polarization filters were available. Therefore another approach is used. In this approach a pinhole covers the illuminant. The wheat kernel is put on the pinhole, completely covering it. Light through the pinhole is scattered in the kernel giving again a transmission image on the sensor. Drawback of this method is that with big kernels the edge is badly illuminated, resulting in non-uniformly illuminated objects. With small kernels leakage of light along the edge disturbs the image.
TaqMan real-time PCR analysis Laboratory method
TaqMan real-time analysis was used to measure the amount of fungus per wheat kernel. This method is based on PCR replication of the fungus DNA. The laboratory procedure was as follows: Each individual wheat kernel was crushed manually and subsequently grind to a fine powder with a tungsten bead in a Retsch MM300 mixer mill (Retsch, Haan, Germany) (2 × 5 min). DNA extractions were essentially done as described by Waalwijk et al. (2004) using the DNeasy plant mini kit (Qiagen). DNA concentration was estimated by comparing aliquots of the samples with DNA standards of known concentration.
TaqMan reactions
TaqMan reactions were performed according to Waalwijk et al. (2004) using primers and probes for F. culmorum. In every experiment a serial dilution of genomic DNA from F. culmorum was included. The results from the TaqMan analysis are given as CT-values. The CT-value is defined as the cycle number at which amplification starts and is proportional to the amount of starting DNA in the PCR. By setting a threshold line and calculating the intersection with each of the sample curves, the CT-value for each sample can be established. From the CT-value the amount of fungus DNA for each sample is obtained.
In this experiment two standard values are measured and fitted against the measured CT value to obtain the amount of fungus DNA. The relation between the CT value and the amount of DNA (c) (1)
Image preprocessing Some NIR images were very dark, others more light. Since the dynamic range of the NIR camera is only 8 bit (256 grey values) the aperture of the lens was adjusted for each kernel, to get acceptable values. Due to the nature of transmission measurements and the pinhole illumination, however, it was still difficult to get good values for all pixels. Due to the pinhole approach, for big kernels the edge is badly illuminated, resulting in non-uniform illuminated objects. With small kernels, leakage of light along the edge disturbs the image. Therefore some pixels within the same kernel were very dark, while others were saturated. The very dark pixels and the saturated pixels were excluded from the analysis by thresholding the image at 10 and 250. The masks obtained were combined and using a binary erosion, a smooth mask which covers part of the kernel was obtained (figure 1).
In the VIS range the images were much better. Since polarization filters were used, the whole image was equally illuminated. Furthermore, the dynamic range of the VIS camera is 12 bit (4096 grey values). Therefore very few pixels were saturated, or too dark. The wheat kernels were placed in a small well. One of the polarization filters was used as the bottom of this well. The border of the well was removed from the images, by subtracting an image of an empty well from each wheat image. A mask to extract wheat spectra could easily be made by a threshold followed by an binary erosion. Figure 2 shows the original image and the calculated mask image.
Spectral preprocessing
Since the illumination source can change slightly in time, a white transmission reference is captured before scanning the first seed of each row. Dividing each spectrum by the mean spectrum of this reference gives color-constant spectra. Furthermore all spectra in a wheat kernel were normalized by dividing each value of a spectrum by its mean value (Polder et al., 2002) . The spectra contained some noise, therefore Savitsky-Golay smoothing (Savitsky and Golay, 1964) was used to smooth the spectra. The kernel size was 15 and a second order polynomial function was used. According to the Lambert Beer law the resulting absorption spectrum is (in case of no interactions) a linear combination of molar absorbance of each single component weighted by its concentration. Absorption is a negative logarithm of transmission, therefore the log is taken from the spectra before further processing. The result of these operations is shown in figures 3 and 4. Information from these spectra can be used to distinguish between low and high contaminated wheat kernels. Simple features are the mean absorption per kernel, or a ratio between certain wave-length bands. A supervised model can be build by fitting these measures with the CT value obtained by the TaqMan method. We will compare these simple features with more sophisticated statistical techniques such as partial least squares (PLS) regression and unsupervised fuzzy c-means (FCM) clustering.
Partial least squares regression
Instead of doing a fit on a simple ratio measure, or a mean value as described above, we can build a model using the whole spectra with Partial least squares (PLS) (Geladi and Kowalski, 1986; Helland, 1990) regression. This technique is widely used to extract useful information from spectroscopic data. A PLS regression model relates the spectral information to quantitative information of the measured samples (in our case the concentration of Fusarium DNA obtained by TaqMan real-time PCR). The PLS regression method effectively performs a canonical decomposition of the spectroscopic data (the X-block) in such a way that the resulting set of orthogonal factors are both predictive for the concentration of chemical compounds (the Y-block) and describe as much as possible of the variance in the spectroscopic data. PLS is an iterative process where in each iteration scores, weights, loadings and innercoefficients are calculated. Then the X-and Y-block residuals are calculated and the entire procedure is repeated for the next factor (commonly called a latent variable (LV) in PLS). The optimal number of LV's that is used to create the final PLS model is determined by crossvalidation using contiguous block data subsets. The error on the calibration data continues to decrease as the number of LV's increases. The error on the validation data has a minimum at a certain number of LV's indicating that using more LV's will overfit the data.
From the preprocessed spectra from the previous steps, 200 pixels were taken randomly. These pixels form the X-block in the PLS regression and cross-validation. Since we like to obtain maximum result from our data we applied the Leave One Out method, where we did the regression (training and validation) N times (N is the number of wheat kernels) where each time N -1 kernels were selected for the training set and the remaining kernel for the validation set. The size of the contiguous blocks was chosen as 200. This way the crossvalidation acts as leave one out cross-validation on the whole wheat kernels.
The CT values from the TaqMan analysis form the Y-block. Equation 1 gives the relation between the amount of Fusarium DNA and the CT value per wheat kernel. From the PLS regression we get a CT value per pixel. The CT value from the TaqMan analysis is per kernel. In order to relate these measures, the predicted CT value for each pixel has to be averaged by the number of pixels in the validation set. The relation between the total amount Fusarium DNA (C kernel ) is given by: Fuzzy c-means clustering The methods described above are supervised methods. A model is built using reference measures such as the TaqMan PCR in this experiment. The reference measure, however, gives a value per kernel, while we are interested in the spatial distribution of Fusarium for which we need a prediction per pixel. Unsupervised methods do not need these reference measurements and are therefore preferable. Furthermore reference measures are mostly expensive, which is an extra argument to evaluate unsupervised methods.
A widely used unsupervised technique in spectral imaging, is fuzzy c-means clustering (FCM) (Bezdek, 1981) . It is an unsupervised fuzzy clustering technique that uses the measurement data in order to reveal the underlying structure of the data and segment the image in regions with similar spectral properties. The method allows one piece of data to belong to two or more clusters. It is based on minimization of the following objective function:
where m = a weighting exponent on each fuzzy membership, 1 ≤ m ≤ u ij = the degree of membership of x i in the cluster j x i = the spectrum of pixel i c j = the average spectrum of cluster j ⏐⏐*⏐⏐ = any norm expressing the similarity between any measured data and the center Fuzzy partitioning is carried out through an iterative optimization of the objective function shown above, with the update of membership u ij and the cluster centers c j .
Since we expect the FHB damaged regions to have different spectral properties compared to the healthy part of the kernels we expect to find at least two clusters (C = 2).
All analyses were done using Matlab (The Mathworks Inc. Natick, Mass, USA), the Matlab PRTools toolbox and DIPimage image processing toolbox (Faculty of Applied Sciences, Delft University of Technology, The Netherlands) and the PLS -Toolbox (Eigenvector Research, Inc., Manson, WA, USA).
Results and discussion
Light absorption and wavelength ratio Kernels with a high contamination level absorbed more light than kernels with a lower contamination level. Therefore in a first analysis step the mean grey value of the kernels was compared with the CT value from the TaqMan analysis. In figure 4 we can see that the ratio between transmission values around 1250 nm with transmission values around 1050 nm is higher for kernels with high contamination. Figure 5 shows the mean grey value and the band 1250/1050 nm ratio for all kernels. From this figure we can see that above a mean spectral transmission of 0.4 and above a band ratio of 0.85 there is no clear relation. In order to get a quantitative measure, a first order exponential fit was carried out for both measures. This was done for all wheat kernels (15 < CT < 30) and for wheat kernels contaminated with more than 100 pg fungus DNA (15 < CT < 21). From these fits, Q 2 values were measured using leave-one-out cross validation. The obtained Q 2 values are tabulated in table 1.
Partial least squares regression
Instead of using the mean of all the wavelength bands, or the ratio between two bands as described above, PLS regression uses all the bands separately to predict the CT values of the kernels. Figures 6 and 7 show the PLS results for all wheat kernels for the NIR and the Figure 5 . CT value as function of the mean grey value NIR transmission of wheat kernels (left) and the CT value versus the ratio between band 1250 and 1050 nm (right) for all kernels. Table 1 . Predicted percentages variation (Q 2 ) for; 1-a logarithmic first order fit on the mean transmission, 2-a logarithmic first order fit on the band 1250/1050 ratio and 3-the PLS regression on the whole spectra. Regression was done for all wheat kernels (15<CT<30) and for wheat kernels contaminated with more than 100 pg fungus DNA (15<CT<21). . PLS regression result for VIS spectral images of all wheat kernels. The dots are the predicted CT values for the individual pixels, the star is the mean predicted CT value for the individual wheat kernels. The line is the ideal prediction (y = x). The numbers are the labels of the wheat kernels. Figure 7 . PLS regression result for NIR spectral images of all wheat kernels. The dots are the predicted CT values for the individual pixels, the star is the mean predicted CT value for the individual wheat kernels. The line is the ideal prediction (y = x). The numbers are the labels of the wheat kernels. By multiplying all pixels with the regression vectors we get the CT prediction for every pixel. Using equation 2 a concentration image can be made. In figure 10 Fusarium concentration images of four wheat kernels are displayed, together with reflection in the visible range and transmission at 1050 nm. Table 2 tabulates some measures on these images. The prediction of F. culmorum DNA concentration of kernel 809 and 305 was reasonably good. The mask of kernel 809 covers the whole kernel and the Fusarium concentration was distributed over the whole kernel. The predicted CT value was 0.2 lower than the measured CT with TaqMan, which means that the Fusarium concentration was slightly overestimated. In kernel 305 most of the Fusarium is located in a spot in the center of the kernel. The border of the kernel was saturated and therefore excluded from the analysis, but since at the border less Fusarium is located, the error is relatively small. The predicted CT value is 0.4 higher than the measured CT, which means that the Fusarium content is slightly underestimated. The errors for the bottom two kernels were larger. In kernel 603 large parts are excluded because of saturation. The predicted CT is 0.9 lower than the measured one. In kernel 208 a large part is excluded because it is too dark. From the concentration image we expect that here the majority of the Fusarium is located and therefore it is underestimated by PLS regression. The predicted CT value was 1.5 higher than the measured one.
Fuzzy c-means clustering
In order to distinguish between healthy and infested regions within a single seed, we evaluated fuzzy c-means clustering. FCM was applied on a random selected subset of 200 pixels per VIS images. From these figures we can see that PLS regression on the NIR images performs much better than on the VIS images. For both bands, CT values higher than ≈ 21 do not show a clear relation. This means that the detection threshold for this method is ≈ 100 pg fungus DNA per wheat kernel. Figures 8 and 9 show the results of PLS regression on all wheat kernels with CT value below 21. From this figures we learn that for CT values < 21 (>100 pg fungus DNA)) the regression is fairly good for NIR images, but still poor for VIS images. Table 1 shows the Q 2 values.
kernel from the VIS and NIR spectral images. We tried different number of clusters, but using two clusters (C = 2) gave the best result. In figure 11 the fuzzy membership of pixels from NIR images, for cluster 1 and 2 are plotted as function of the CT value measured with TaqMan. The fuzzy weighting exponent (m) is chosen as 2. Lower values give a more rigid solution, while with increasing m the solution becomes more fuzzy, but the overall relation remains the same. From this figure we learn that heavy contaminated kernels, with CT value < 17 (6000 pg Fusarium DNA) are clearly identified. For 17 < CT < 19 (6000 -800 pg) there seems to be a linear relationship. For 19 < CT < 24 (800 -10 pg) it looks like there is a relation figure 10 . Tabulated are the TaqMan measured CT, the mean and standard deviation of all pixels for the PLS predicted CT and the difference(Δ) between the measured and predicted. Also given are the number of pixels for the whole kernel and for the mask used to extract the pixels. Also the ratio between these two is given. Between brackets the amount of fungus DNA, calculated using equation 1 is given. between part of the pixels, while other pixels tend to belong to the other (healthy) cluster. This is in agreement with the fact that for slightly infected kernels the Fusarium is located on certain positions in the kernel. Since we do not have all pixels from each kernel, due to the non-optimal dynamic range as described in section 2.5, it is possible that contaminated parts were excluded from the analysis. Therefore we may expect that improvement of the recording system will improve the results of this method. Instead of applying FCM clustering on randomly selected pixels, we also applied it on all pixels. This resulted in images where the grey-value of the pixels corresponds with the fuzzy membership of the particular clusters. The images obtained in this way were more or less the same as the images from figure 10c. The problem with the excluded pixels due to dark and saturated regions holds also for this method.
For the VIS images it was possible to detect kernels with CT < 17, but no relation was found for the other kernels.
Conclusion
From the results it is clear that when using transmission spectral imaging for detection of FHB in whole wheat kernels the NIR spectral range is much more suitable than the VIS range.
The current measurement setup for the NIR range, using pinhole illumination, results in transmission images with a dynamic range which cannot fully be captured with an 8 bit image sensor. This results in images where parts are excluded because they are saturated, other parts are still too dark. A suitable setup should preferably incorporate NIR sensitive polarization filters and a camera with higher (e.g. 12 bit) dynamic range, like we used for the VIS range. From table 1 we learn that a simple wavelength ratio performs about the same as PLS regression. This will make it possible to use two narrow band filters instead of a spectrograph. This will make sorting machines for practical usage, faster and cheaper.
Fuzzy c-means unsupervised clustering looks like a possible technique to detect and quantify FHB infested regions within single wheat kernels, but a new experiment in which pixels of the whole seed are used is needed in order to draw firm conclusions. In practical applications only a few kernels are infested. This results in unequal cluster sizes. The majority of the pixels which are healthy form a very big cluster. The amount of infested pixels is very low, resulting in a small cluster. For standard FCM this might be a problem, but in literature, cluster size insensitive methods are described (Noordam et al., 2002) .
Furthermore the relation between fungus DNA concentration and the toxicity due to the amount of DON which is produced by the fungus needs to be investigated.
The advantage of spectral imaging above plain spectroscopy is that single infested pixels can be detected. These pixels normally form small infected regions on the wheat kernels. With plain spectroscopy it might be hard to detect kernels with small infected regions. Heavily infested kernels where the majority of the pixels are infested can easily be detected by plain spectroscopy.
